Proterozoic crustal material in the granulite protoliths as for other
INTRODUCTION
morphic grains, provided a mean 207 Pb/ 206 Pb age of 401·5±0·9 Ma. Values of Nd determined for the time of metamorphism range High-pressure metamorphic rocks formed and/or exfrom -4 to -11, indicating highly heterogeneous protoliths. Nd humed during orogenic events yield important information on processes and conditions in subduction model ages of 1·4-1·8 Ga reflect a mixture of Archaean and zones and thickened crustal wedges. In recent years it that breakdown conditions were also at high grade.
Sm-Nd isotopic data of the same samples are used has become increasingly recognized that the pressuretemperature-time (P-T-t) paths deciphered from the to constrain the mean crustal residence ages and the compositions of the protoliths in relationship to those of mineral assemblages and reaction textures in such rocks yield significant information on the rates of geological tectonically juxtaposed granitoid orthogneisses. Finally, we discuss the possible reasons for marked age differences processes and, in turn, provide constraints on input parameters for mathematical models and computer sim-between various granulite terranes in the Bohemian Massif. ulations of the temporal thermal and baric structure of the crust for various tectonometamorphic scenarios. The deduced equilibrium pressures and temperatures for metamorphic parageneses and the relative reaction se-
GEOLOGICAL SETTING
quences usually generate less disagreement than the question of the ages of the respective stages in the history The~650 km 2 roughly triangular Góry Sowie (Owl Mts) (i.e. formation, transformation and exhumation ages). Block (GSB), situated at the NE margin of the Bohemian This arises because mineral compositions used for geo-Massif (Fig. 1) , is bounded on all sides by faults. It is thermobarometry are usually micron-sized domains ana-divided into two by the NW-SE-trending Sudetic Marlysed by electron microprobe, whereas material for iso-ginal Fault (SMF) with the mountainous part lying SW topic dating has generally been separated from a large of the fault and the NE segment mostly covered by volume of rock where spatial connections with pet-Cainozoic sediments [see Don & Ż elaźniewicz (1990) for rographically determined reaction domains are lost. Also, a geological overview]. To the north of the GSB are the for many phases, even if minerals from the identified ophiolitic mafic-ultramafic Ś lȩża complex and Frasnianreaction domains could be separated, modification of Tournaisian deposits of the Ś wiebodzice depression: ophiisotope ratios owing to diffusive loss of isotopes over olitic sequences are also found to the south (Nowa Ruda the metamorphic temperature-time path results in the massif ) and east (Braszowice and Szklary massifs). Supdetermination of apparent rather than real ages.
posed crystallization ages for ophiolitic gabbros of In high-grade rocks such as granulites, unless the 353±21 Ma and 351±16 Ma (Ś lȩża and Nowa Ruda, duration of high-temperature conditions was significantly respectively, Sm-Nd whole rock, Pin et al., 1988) are incompatible with the suggestion that detritus from these short, only phases with extremely slow diffusivities for the isotopes of interest will preserve anything other than bodies is found in the Upper Devonian, autochthonous segment of the adjacent Góry Bardzkie succession (see apparent ages. The most widely occurring phase with such characteristics is zircon (U-Pb system). In the ab- Franke et al., 1993) . More realistic is the 420 +20 -2 Ma U-Pb zircon age from a Braszowice sample (Oliver et sence of oscillatory zoning or overgrowths, zircon crystals will be expected to yield their formation (either magmatic al., 1993) . Upper Carboniferous series of the Intra-Sudetic Depression are in fault contact at the western border of or metamorphic crystallization) ages. Zircon may persist through multiple cycles of erosion and sedimentation, the GSB whereas the eastern GSB is truncated by the schists, mylonites and~340-Ma-old granitoids (Oliver et and so it is important in metasedimentary rocks to correctly identify and separate old detrital and new al., 1993) of the Niemcza-Kamíeníec zone.
The GSB comprises several mappable variants of metamorphic grains before analysis. Most standard analytical techniques require a minimum quantity of material quartz+plagioclase+biotite±muscovite±sillimanite± microcline gneisses, migmatized to varying degrees, and amounting to tens of grains, which may lead inadvertently to measurement of mixtures of material formed at differ-with local anatectic granitoids (Kryza, 1981; Ż elaźniewicz, 1987) . The original psammitic-pelitic asent times. Ideally, only individual grains, or parts of grains, should be considered. In this study, results from sociation could, according to micropalaeontological findings, be of late Proterozoic to early Cambrian age single grain and small fraction isotopic analysis demonstrate that zircons morphologically distinguishable as (Gunia, 1981) : zircon and monazite ages for these rocks lie between~380 and 480 Ma (Oliver et al., 1993 ; having newly formed during high-grade metamorphism yield consistent and significantly younger ages than de- Kröner et al., 1994b) . The gneiss-migmatite complex is accompanied by minor para-and orthoamphibolite, trital grains.
The results of Pb-isotope measurements, by two differ-orthogneiss, granulite, serpentinite and calc-silicate rocks (Polański, 1955; Grocholski, 1967; Morawski, 1973) . ent techniques, are presented for zircon populations from felsic to intermediate granulites from the Góry Sowie Owing to the contrast in metamorphic grade compared with its surroundings, the GSB has been variously inBlock in the West Sudetes of SW Poland. A detailed petrological investigation of one of the least deformed terpreted as a klippe, intramontane median massif, orogenic diapir, microcontinent, terrane, fragment of a samples is used to establish the main features of the metamorphic evolution of the granulites and to show terrane or part of an extensive thrust sheet under-or VOLUME 38 NUMBER 4 APRIL 1997 overthrust by the Ś lȩża ophiolite (e.g. Kossmat, 1927 ; traverse within the Bystrzyca River, just below the road bridge near the railway station, and represent well-layered Bederke, 1934; Behr et al., 1982; Cymerman, 1987; Matte et al., 1990) .
pyroxene-garnet-biotite granulites of slightly variable composition, probably derived from pelitic and seSmall outcrops of granulites occur in the northern part of the GSB where they are associated with garnet mipelitic sediments. PL 9 is a felsic, kyanite-bearing granulite collected from a small hillock just NW of the peridotites (sometimes with strain-free, high-temperature contacts) and eclogites ( Juskowiak & Ryka, 1960 ; Smu-railway station. A retrogressed and partly migmatized granulite is represented by sample PL 23, which comes likowski & Bakun-Czubarow, 1969; Bakun-Czubarow, 1983; Ż elaźniewicz, 1985) . Equilibrium conditions for from an abandoned quarry~800 m SE of the railway station. Finally, a well-layered, retrograded, granulite the garnet peridotites were estimated to be 1030°C, 27 kbar for cores of grains and 800°C, 16 kbar for rims with sillimanite pseudomorphs after kyanite (PL 22) was collected in a small abandoned quarry~1·5 km NNW (Bakun-Czubarow, 1983; Brueckner et al., 1996) . High pressures of~16 kbar were also determined for felsic of the village of Sieniawka (Fig. 1) .
The metamorphic history of the granulites is best granulites (Pin & Vielzeuf, 1988; Kryza et al., 1996) . Structurally, the granulites and peridotites are interpreted reflected in sample PL 8a, therefore a detailed description of the petrographic, mineral-chemical and thermoto have been upthrust and retrograded at the same time as their host gneisses experienced a prograde, post-early-barometric investigations of this sample is given below. deformation amphibolite facies overprint: both units later shared four further deformation events (Ż elaźniewicz, 1990) . Previous isotopic studies determined an Sm-Nd
PETROGRAPHY AND MINERAL
Grt-Cpx-Opx mineral age of 402±3 Ma (Brueckner et al., 1996) on grains from a garnet peridotite associated CHEMISTRY with the granulites. Lower-grade amphibolite-facies All mineral analyses were obtained by electron mibiotite-oligoclase-quartz gneiss, exposed outside a tec-croprobe (Cameca SX50, Bayerisches Geoinstitut) anatonic lens of granulite at Zagórze Dam close to where lysis of polished, carbon-coated, thin sections at operating samples PL 1-3 of this study were collected, produced a conditions of 15 kV, 15 nA, with counting times of 20 s U-Pb age of 381±2 Ma for two concordant monazite on peaks and 10 s on backgrounds, using a combination fractions (Van Breemen et al., 1988) . Younger ages are of natural and synthetic standards and with correction recorded in zircons (three conventional multigrain ana-on-line by the PAP routine. Point analyses rather than lyses) from the same rock, which yielded a poorly con-averages are presented in Tables 1 and 2 . strained U-Pb lower concordia intercept age of 369±15 Ma and two Rb-Sr biotite model ages of 360±7 and 372±7 Ma (Van Breemen et al., 1988) .
Garnet
Garnet, the most abundant mafic phase, appears as anhedral, inclusion-rich grains locally up to 3 mm but
SAMPLE DESCRIPTION
more usually between 0·5 and 1 mm in diameter. InGranulites were sampled at three localities east of clusions are mainly rutile, antiperthite and quartz, but Wałbrzych, and one from the region NE of Dzierżoniów clinopyroxene, titanite, apatite and zircon are also pres- (Fig. 1) . Samples PL 1-3 were collected from a tectonic ent. Commonly, tiny grains and oriented needles of rutile lens of granulite enclosed in a strongly deformed and form sharply bounded zones indicating growth of garnet partly migmatized biotite-oligoclase-quartz paragneiss from a former Ti-rich phase such as biotite. In places, at a small roadcut next to the Zagórze Dam, opposite garnet is found as partial coronas around large antithe 'Fregata' hostel. The occurrence, described in detail perthite grains or kyanite. The margins of garnets are by Ż elaźniewicz (1985) , consists of interlayered, strongly often embayed and display coronas or symplectite-like deformed granulite facies gneisses probably derived from intergrowths of orthopyroxene+plagioclase or biotite+ clastic sediments. Sample PL 1 is a felsic, massive, plagioclase. quartzo-feldspathic, garnet-bearing and kyanite-rich Chemically, the garnets show a small range in comgranulite. Interlayered with this rock type are garnet-position in interiors but are sharply zoned at margins rich (sample PL 3) or darker, well-foliated, biotite-rich (Table 1 ). This is illustrated in Fig. 2 , a zoning profile parts (sample PL 2).
across the largest garnet grain, where Fe and Mn are The second occurrence sampled is at the village of unchanged in the interior but increase sharply in the Bystrzyca Górna, some 4 km NNE of Zagórze Dam, outermost 100 m. A slight contrast exists in the case of and described as the largest outcrop of granulite in the Mg and Ca whereby Mg rises at the expense of Ca towards the near-rim position but both fall significantly Góry Sowie (Fig. 1) . Samples PL 8a-c come from a small 
Garnet normalized to 12 oxygens, pyroxenes to 6 oxygens with ferric iron calculated (Grt and Cpx) by charge balance. int, interior; inc, inclusion in grt; cor1, corona on quartz outside grt; cor2, corona on quartz inside grt; kel, in kelyphite; b.d., below detection; n.d., not determined.
over the outermost 100 m. Typical compositions are: of clinopyroxene up to 250 m long are found in garnet core-X Fe = 0·388, X Mg = 0·325, X Ca = 0·271, X Mn = as isolated grains or together with quartz and feldspars. 0·007; near rim-X Fe = 0·383, X Mg = 0·369, X Ca = These contain, in their cores, the highest Na (1·5-1·8 wt 0·239, X Mn = 0·006; rim-X Fe = 0·522, X Mg = 0·287, % Na 2 O) and Al (~8 wt % Al 2 O 3 ) contents, which are X Ca = 0·163, X Mn = 0·024. Two-dimensional com-reflected as jadeite and Tschermaks components ( 
Pl, plagioclase; Kf, K-feldspar; AP, antiperthite; Kel, in kelyphite close to garnet (gt) or close to corona orthopyroxene (opx); Cor (Cpx), in corona with clinopyroxene inside garnet; Ky-b/d, with spinel in breakdown after kyanite; b.d., below detection.
third clinopyroxene variety is found as a corona on quartz all the variants measured outside garnet and has low Al as in corona types outside garnet. where quartz is totally enclosed in garnet: associated phases are plagioclase and K-feldspar. In contrast to the other two variants, this clinopyroxene contains the least Na and Al and is closer to diopside in composition ( Table Feldspars 1).
Feldspars are the major constituent of the rock. Rounded or oval antiperthite grains, usually between 200 and 600 m in longest dimension, are the most conspicuous Orthopyroxene feldspars: rod-or bead-like exsolved K-feldspar, up to 20 m wide, is apparent even at low magnification Orthopyroxene appears only as a secondary phase where it is closely associated with garnet breakdown. Distinct in the microscope. These rounded grains form augen in a matrix of granoblastic, inequigranular, Ktextural and chemical types are recognized, three of which are depicted in Fig. 3 . The most easily recognizable feldspar+plagioclase+quartz domains enclosed by strips of ribbon quartz. Antiperthite is seen as inclusions in orthopyroxene in thin section is found as a corona on quartz that was formerly in contact with garnet: a moat garnet and clinopyroxene but plagioclase without exsolved K-feldspar and rarely perthitic K-feldspar are also of plagioclase always exists between the corona orthopyroxene and garnet. This textural type contains neg-present. Feldspars are an important component of the reaction textures: plagioclase occurs with either orligible Al (~0·5 wt %) and has a slightly higher Fe content [Fe/(Fe+Mg)=0·41-0·44] (Table 1, cor1). In contrast, thopyroxene or biotite in coronas in or around garnet and with spinel in domains of kyanite replacement. orthopyroxene located in the radial kelyphite with plagioclase close to garnet (Table 1 , kel) has significantly Representative analyses are given in Table 2 .
K-feldspar, whether as exsolved component in antihigher Al (1-3 wt % Al 2 O 3 ) but with slightly lower Fe [Fe/(Fe+Mg)=0·37-0·39]. The granular ortho-perthite or as individual recrystallized grains in the granoblastic matrix, has a limited range in composition of pyroxene found at the rims of clinopyroxene has Fe/Mg comparable with the kelyphite type but with Al the same X Or =0·885-0·965, X An <0·01 and always with more Ba (per formula unit, p.f.u.) than Ca. The average value for as in the coronas (Table 1) . The analysed orthopyroxene occurring as a corona on a quartz inclusion in garnet is antiperthite K-feldspar (disregarding the celsian component) was taken to be X Or =0·935, X Ab =0·06, X An = significantly more magnesian [Fe/(Fe+Mg)=0·28] than 0·005. The plagioclase component has a slightly larger matrix aggregates as well as forming strings, ribbons and aggregates extending up to 4 mm long. In parts of the range of X An =0·285-0·405, X Or =0·015-0·05, with the highest K content found in the plagioclase without ex-sample the ribbon quartz strings, bent around the augen, have a common optical orientation over an area of several solved K-feldspar (or at least not in the plane of the section) enclosed in clinopyroxene: barium was below square millimetres. Larger quartz grains sometimes have inclusions of anomalously elongate rutile needles. the detection level. A value of X Or =0·021, X Ab =0·651, X An =0·327 was taken to be the average for the antiOnly small fragments of kyanite remain. The greater part of the former grains up to 1 mm in size has perthite plagioclase. Significantly different compositions were determined for the other plagioclase varieties. In been altered to a fine-grained intergrowth of spinel [Fe/ (Fe+Mg)=0·5] and anorthite. In most cases, conthe textural domains where coronitic and kelyphitic orthopyroxene formed, the An content is higher than in siderable muscovite, chlorite and sometimes even biotite, have replaced these early breakdown phases. the feldspars+quartz domains, with analyses plotting between X An =0·44 and X An =0·505 and K-feldspar comOf the accessory phases the most abundant are rutile ponent mostly at the low end of the range (X Or =0·005-and ilmenite. Rutile occurs as tiny grains and needles in 0·02). However, close to garnet, Ca is markedly enriched: garnet and as isolated grains in the matrix, whereas analyses of labradorite, bytownite and anorthite com-ilmenite appears as larger grains, up to 0·5 mm, almost position have been measured. Close to corona cli-exclusively in the matrix. Ilmenite analyses reveal~5 nopyroxene on quartz inside garnet, the plagioclase is mol % pyrophanite. Other phases in minor proportions slightly more calcic (50-52 mol % anorthite) than that are sulphides, zircon, apatite, titanite (as grains up to 0·3 associated with corona orthopyroxene in the neigh-mm in garnet or as a later growth on ilmenite) and bouring inclusion. Where relics are still visible, the pla-graphite. gioclase with spinel of the kyanite breakdown domain is anorthite.
GEOTHERMOBAROMETRY

From the textural and chemical data presented it should
Biotite be clear that a widespread equilibrium assemblage does Biotite is a relatively abundant phase in the rock and not exist. Therefore, to apply geothermobarometers we largely defines the foliation. It appears in a number of must make assumptions as to which phases (or phase textural positions all of which point to it being a secondary compositions) were formerly in equilibrium and also phase. Most biotite is found in aggregates of deep redidentify small domains where a possible equilibrium brown crystals, with common optical orientation, inrelationship may have been retained. From inclusion tergrown with plagioclase at the margins of, or in suites and on textural grounds the earliest still embayments in, garnet. The overwhelming majority of recognizable assemblage is determined to have been such biotite grains have no direct contact with garnet.
ternary feldspar+quartz+garnet+clinopyroxene+ Biotite is also common as random grains and clusters kyanite+ rutile (plus apatite and zircon and most probaround, and interpenetrating, clusters of orthopyroxene ably graphite and most of the sulphides). This is a highand surrounding ilmenite. For the most part the biotite pressure granulite facies assemblage (De Waard, 1965) . forming a corona around garnet (along with orFor this assemblage, the following thermodynamically thopyroxene) has been drawn out into long chains mantand experimentally determined equilibria can be used to ling the garnet and antiperthite grains. Small grains of estimate, or at least put limits on, the pressure and biotite are sometimes found inside clinopyroxene and temperature of the initial granulite facies event: garnet, where they appear to have grown inside the grains as a result of fluid penetration along cleavage Almandine+Diopside= planes and fractures. Similar random biotite grains can be Pyrope+Hedenbergite (Gt-Cpx) seen enclosing spinel in the kyanite breakdown domain. Compositionally, the phase is relatively Mg and Ti rich Grossular+2 Kyanite+Quartz= [Fe/(Fe+Mg)=0·35-0·37, TiO 2 =5·5-6·3 wt %] in the 3 Anorthite (GASP) matrix, with the most titanian grain found inside garnet [Fe/(Fe+Mg)=0·27, TiO 2 =7·9 wt %].
2 Grossular+Pyrope+3 Quartz=3 Diopside+ 3 Anorthite (GADS)
Other phases
2 Grossular+Almandine+3 Quartz= Quartz, a common inclusion in garnet and clinopyroxene, is a major phase in the granoblastic quartz-feldspar 3 Hedenbergite+3 Anorthite (GAHS)
Titanite+Kyanite=Anorthite+Rutile.
The key to estimating pressure-temperature conditions for this assemblage lies with the correct evaluation of the composition of the initial feldspar as it is the anorthite activity of this reconstituted feldspar that must be used in any geothermobarometer. The relatively large grain size of the exsolved K-feldspar does not allow analysis with a broad microprobe beam. Instead, the average composition has been calculated from a series of line profiles across antiperthite grains and compared with reconstituted feldspar compositions determined by cutting-out and weighing K-feldspar and plagioclase seg- compositions were X Ab =0·515, X Or =0·231, X An =0·253 plagioclase (see Fig. 3 ) in kelyphite (K), in symplectitic form on clinoand X Ab =0·494, X Or =0·237, X An =0·269 (both repyroxene (S), and as a corona on quartz (C).
normalized after excluding X Cn =0·002), determined by the 'cut and weigh' and 'probe-averaging' methods, rekelyphite growth with unneeded Mn pushed into residual spectively. garnet). Near the rims Mg reaches a peak value, whereas The reconstituted feldspar can be used to derive temCa is noticeably lower when compared with core anaperatures by the two-feldspar geothermometer of Fuhrlyses-a behaviour reflected in zoning profiles measured man & Lindsley (1988) by estimating the composition of around clinopyroxene inclusions in garnet. These two a hypothetical coexisting feldspar that should lie on the slightly different compositions have been used in geosame solvus at a given temperature and pressure and thermobarometric calculations, although it is most likely also have the same albite, anorthite and orthoclase acthat the peak Mg value would have coexisted with the tivities (this is obviously a minimum temperature, as in high-temperature ternary feldspar. reality there was only a single hypersolvus feldspar). For
Pressures calculated by the GASP equilibrium, the the given reconstituted ternary feldspars a coexisting most important geobarometer for the pre-breakdown composition of X Ab =0·45, X Or =0·35, X An =0·20 yielded assemblage, are in the range 18-20 kbar at~975°C, i.e. the smallest temperature differences [i.e. smallest differat the temperature derived from the ternary feldspar ence between T Ab (plagioclase) -T Ab (K-feldspar), T An above (Koziol & Newton, 1989) , with grossular activity (Pl) -T An (Ksp) and T Or (Pl) -T Or (Ksp)] with values of in garnet and anorthite activity in ternary feldspar from1010 and 970°C at 10 and 20 kbar, respectively. KBerman (1990) and Fuhrman & Lindsley (1988) , refeldspar-plagioclase pairs of the matrix or antiperthite spectively. The lower-pressure value was calculated for yield average temperatures mostly in the range the near-rim peak-Mg garnet but even this is~3 kbar 470-550°C but generally with a large difference between higher than that derived from the GADS (Newton & the values derived from the three possible pairings, thus Perkins, 1982; Eckert et al., 1991) reaction (see Fig. 4 ). signifying a lack of equilibrium, possibly owing to K-Na
The only other geothermometer in the above list is exchange at constant Ca (see Fuhrman & Lindsley, 1988;  the garnet-clinopyroxene Fe-Mg exchange thermometer Kroll et al., 1993) . Following the procedure of Kroll et (Gt-Cpx) . Garnet and matrix clinopyroxene are no longer al. (1993) , modification of K/Na at constant Ca resulted in contact, but the relatively homogeneous pyroxene in equilibrium temperatures for these secondary pairings interior and the near-rim peak-Mg part of garnet yield of 550°C.
temperatures, using the calibration of Powell (1985), Also extremely important for all the equilibria above comparable with those derived from the two-feldspar is garnet. The garnet profile in Fig. 2 illustrates the method at high pressure. If the Fe 3+ in both phases is problem of which garnet composition should be used to considered (determined only by charge balance) calrepresent peak conditions. Clearly, the rims represent the later reaction and breakdown stage (corona and culated temperatures are~60°C lower (see two curves VOLUME 38 NUMBER 4 APRIL 1997 in Fig. 4 ). An intersection of the Gt-Cpx, GASP and distinct textural sites, a combination of GAES (Newton two-feldspar curves occurs in the realm 18-20 kbar, & Perkins, 1982) and Gt-Opx (Lee & Ganguly, 1988) 950-975°C; including the GADS equilibria increases the calibrations, combined with the measured composition temperature range by ±25°C and reduces the pressure from the garnet absolute rim in this domain, gave 800°C, to 15 kbar. 6·6 kbar for the kelyphite, 880°C, 8·5 kbar for the corona Limits on the pressure-temperature conditions for the and a wide range of 850±50°C, 8·2±0·3 kbar for the peak assemblage deduced from reaction equilibria in-symplectitic orthopyroxene on clinopyroxene (Fig. 4) . volving the Ti-bearing phases were of little help here. The main factor determining the difference in pressure The GRAIL (Bohlen et al., 1983) and GRIPS (Bohlen & is the composition of the plagioclase, which is extremely Liotta, 1986) methods, yielding minimum pressures as Ca rich in the case of the kelyphite. Nevertheless, conilmenite was most probably absent during the early high-sidering the wide compositional range and the uncertainty pressure stage, gave values outside the kyanite stability as to which garnet compositions were in equilibrium field. The TARK reaction (Manning & Bohlen, 1991) with the respective plagioclase-orthopyroxene pairs, the gave pressures 2-3 kbar above the GASP equilibrium deduced conditions are those typical for medium-pressure (Fig. 4) but the role of the titanite inclusions in garnet is granulites (see, e.g. Bohlen, 1987; Harley, 1989) and are not clear. There is no evidence for the former presence~7 -10 kbar less than those determined for the initial of titanite in the matrix.
ternary feldspar+clinopyroxene-bearing assemblage. Interestingly, temperatures and pressures derived from the cores of inclusions of clinopyroxene in the Ca-rich parts of garnet (Gt-Cpx, GADS) are significantly lower-12 kbar, 800°C-than those calculated from the ZIRCON GEOCHRONOLOGY AND garnet near-rim and matrix phases. This could be taken
Sm-Nd WHOLE-ROCK SYSTEMATICS
to indicate a part of the prograde history, but a word of warning is necessary here. To use inclusions to deduce Analytical procedures P-T conditions for the early high-pressure stage we must Single zircons were analysed from granulite samples PL assume that the inclusions have remained isolated from 1, PL 2, PL 8a-c, PL 9, PL 22 and PL 23, using the the matrix and have not been modified during their post-vapour digestion technique and the evaporation method. entrapment evolution. From composition maps of garnets In addition, we determined the Sm-Nd whole-rock isowith inclusions, as mentioned above, it can be seen that topic composition of these samples to characterize their zoning is also present along the numerous cracks that protolith history and to compare this with other rock cross the garnets and that sometimes also intersect in-suites of the GSB. clusions. The garnet compositions adjacent to pyroxene inclusions may thus partly reflect interaction with the
Vapour-digestion technique
matrix as is the case where garnet-consuming reactions have produced coronas of pyroxene around quartz in-In this technique, developed by Wendt & Todt (1991) , clusions inside garnet. Such coronas around inclusion single zircons are loaded into six separate holes at the quartz are a recognized feature of overprinted high-bottom of a multi-sample Teflon capsule which has a pressure rocks from elsewhere in the Bohemian Massif hole in the centre for HF. The sealed capsule is heated (see Carswell & O'Brien, 1993; O'Brien, 1994) .
to 220°C and the zircons dissolve in HF vapour within For the breakdown conditions, reactions producing 1-2 days, depending on U content. After decomposition orthopyroxene are obviously required:
and drying, a 205 Pb/
233
U spike-solution and 3 l of 6 N HCl are added to the residuum in each sample hole, 2 Pyrope+3 Ferrosilite=2 Almandine+ and the sealed capsule is heated again to~220°C for 3 Enstatite (Gt-Opx)~1 2 h to achieve homogeneity between the zircon sample and the spike. The sample is then dried and loaded 2 Pyrope+Grossular+3 Quartz=3 Anorthite+ directly on a single Re filament using a mixture of Si gel 3 Enstatite (GAES) and H 3 PO 4 . Ionization of Pb and U is achieved successively on the same filament at different temperatures. 2 Almandine+Grossular+Quartz=3 Anorthite+ A detailed description of this technique has been provided 3 Ferrosilite. (GAFS) by . The advantage of the vapour digestion technique is a very low overall blank for U and Pb of The Fe-Mg exchange reaction Gt-Opx forms a good <20 pg per Teflon capsule (i.e.~3 pg per sample) and geothermometer, whereas the net transfer reactions fast processing of samples as no chemical separation of GAES and GAFS make good geobarometers. For the U and Pb is required. As the zircons are commonly not small area shown in Fig. 3 , where the different orthopyroxene and plagioclase compositions were found in weighed, no U and Pb concentrations can be calculated, Pb age (Stacey & Kramers, 1975) , spike, fractionation and blank (3 pg Pb, 10 pg U). All errors are 2 . §Metamorphic grains, all other fractions detrital. abr, Abraded.
but the use of the mixed spike allows calculation of the Max-Planck-Institut für Chemie in Mainz. No correction was made for mass fractionation, which is on the order ratio of total U to radiogenic Pb. We have analysed zircons from sample PL 8c by this technique, using a of 1‰ (Kober, 1987) , less than the relative standard deviation of the measured 207 Pb/
206
Pb ratios (see Table  Finnigan -MAT mass spectrometer at the Max-PlanckInstitut für Chemie in Mainz, operated in peak jumping 4), and insignificant at the age range considered in this study. Measurement of a chip of Curtin University mode. Results are given in Table 3 with all errors, SHRIMP II zircon standard C/Z3 yielded a 207 Pb/ 206 Pb given at the 2 ext. level, including ratio reproducibility, age of 564·8±1·4 Ma, identical to the adopted age of uncertainties in the fractionation (0·07%), and corrections 564 Ma for this standard (Pidgeon et al., 1994) . for nonlinearity of the Secondary Electron Multiplier as
In our experiments, evaporation temperatures were well as for laboratory blank (3 pg Pb, 10 pg U) and initial gradually increased in 23-50°C steps during repeated common Pb.
evaporation-deposition cycles until no further changes in the 207 Pb/
Pb ratios were observed. Only data from
Single zircon evaporation the high-temperature runs or those with no changes in The single zircon evaporation technique was developed the Pb-isotope ratios were considered for geochronologic by Kober (1986 Kober ( , 1987 and involves repeated evaporation evaluation. The calculated ages and uncertainties are and deposition of Pb isotopes from chemically untreated based on the means of all ratios evaluated and are presented in Table 4 . We have previously reported 1 single zircons in a double-filament arrangement. Our laboratory procedures, as well as comparisons with con-errors in zircon evaporation analyses from the Mainz laboratory, but in view of the excellent reproducibility ventional and ion-microprobe zircon dating, have been published elsewhere (Kröner & Todt, 1988 ; Kröner in the present study (see Table 4 ) we feel that this is too conservative and that 2 (mean) errors are justified. et al., 1991) . Isotopic measurements were carried out on a Finnigan-MAT 261 mass spectrometer at the Mean ages and errors for several zircons from the same VOLUME 38 NUMBER 4 APRIL 1997 Pb/ 206 Pb spectra are shown in histograms that permit visual assessment of the data and/or (2) when repeated analysis of grains from the same sample at high evaporation temperature yields the distribution from which the ages are derived.
As the evaporation technique only provides Pb isotopic same isotopic ratios within error. The rationale behind this is that it is highly unlikely that each grain in a zircon ratios, there is no a priori way to determine whether a measured Cocherie et al., 1992; Jaeckel et al., 1996) . Ma (Table 4 , Fig. 6a ), interpreted as the age of zircon growth during high-grade metamorphism. Granulite samples PL 8a-c (PL 8c was described in
Sm-Nd and Rb-Sr analysis
detail above) contain two distinct populations of zircon, Sm-Nd and Rb-Sr isotopic analyses were carried out at both of which are clear and translucent, typical of granthe University of Tübingen using a MAT 262 mass ulite-grade rocks. The elongate to oval morphologies are spectrometer and following methods described by Hegner interpreted as detrital zircons, by analogy with samples et al. (1995) . A technique of initial dissolution in open PL 1 and 2, whereas the rather abundant very clear, beakers followed by a second step using bombs heated spherical and multifaceted grains are interpreted to have to 170°C for 6 days was employed to ensure the de-grown during high-grade metamorphism. Both types composition of refractory phases. Total procedural blanks occur as inclusions in garnet and clinopyroxene and so of Sr <400 pg, Nd and Sm <30 pg are not significant the spherical metamorphic zircons must have formed for the samples under investigation. 87 Sr=0·710217±24 (2 , n=25) . Two analyses of the digestion, following the method described by Krogh rock standard BCR-1 are included in Table 5 . Within-(1982) . Five of the spherical, multifaceted (metamorphic) run precision (2 mean) for Nd is Ζ1·5×10 -5 and grain populations are near-concordant (P1, P3, P4, P8 for Sr is Ζ1·8×10 -5 . The external precision of the and P15), whereas fraction P7 is slightly more discordant, measurements inferred from a large number of analyses and fraction P5 is reversely discordant, probably owing is Ζ1·5×10
-5 for Nd and Ζ2·5×10 -5 for Sr. to U loss during the analytical procedure (Table 3 and inset in Fig. 7 ). All these fractions are well aligned along a chord [mean square of weighted deviates (MSWD)= 1·78] intersecting concordia at 401·4±9·7 Ma and
Zircon morphology and ages
-34
+288
−279 Ma, respectively, and suggesting that Pb loss occurred in Recent times. Anchoring the chord at the Interlayered felsic, quartzofeldspathic granulite sample PL 1 and biotite-rich (pelitic) sample PL 2 both contain origin yields an upper intercept age of 402±10 Ma (Fig.  7, inset ). For comparison with the evaporation data, the very clear, long-prismatic zircons with rounded terminations to well-rounded grains which are probably the weighted mean 207 Pb/ 206 Pb age of these seven analyses is 402·5±1·5 Ma (error is 2 mean). Six of the spherical result of both mechanical corrosion during sedimentary transport and metamorphic recrystallization at their pyr-grains were evaporated individually and yielded virtually identical 207 Pb/
206
Pb ratios, which combine to give a amidal terminations during progressive metamorphism (Kröner et al., 1994b) . In addition, sample PL 2 contains weighted mean age of 401·6±0·8 Ma (Fig. 8d) . The 207 Pb/ 206 Pb ages obtained by the two methods are identrare, multifaceted, clear, spherical grains which are typical of growth during high-grade metamorphism (Kröner ical, within error, and provide a grand weighted mean age (13 analyses) of 402±0·8 Ma. We consider this age et al., 1994b). Two oval-shaped, detrital grains from sample PL 1, derived from an originally magmatic popu-to most closely reflect the time of crystallization of the metamorphic zircon population. The excellent agreement lation, were evaporated and yielded Pb ages of these grains makes it unlikely that they contain older core material, the more so as Fig. 5 ). These must be considered as minimum ages which may reflect the age of rocks in the source region abraded fraction P15, as well as high-temperature evaporation, should have revealed such older components. of the original sediments. Six elongate to oval (detrital) grains from sample PL 2 have an even wider range of The elongate to oval (detrital) grain fractions analysed by vapour digestion have U-Pb ages ranging from ages between 446·8±1·6 and 1854·9±1·1 Ma (Table  4 , Fig. 6b-g ), and the detrital population of both samples 452±22 to 1736±19 Ma (Table 3 and Fig. 7 ). These are mean ages, and the individual values cannot be together reflects a chronologically heterogeneous source terrane dating back to the mid-Proterozoic. The youngest equated with specific zircon crystallization events. Unabraded fraction P9 has a 207 Pb/ 206 Pb age of 423±17 detrital grain at 446·8±1·6 Ma limits the age for deposition of the pelitic granulite precursor to be early Ma that is compatible, within error, with both the metamorphic ages and the age of 452±17 Ma for the youngest Silurian or older. Two small spherical, multifaceted VOLUME 38 NUMBER 4 APRIL 1997 abraded fraction P10. We suggest that this fraction, samples PL 8b and c. Three grains of the spherical type were evaporated and provided a very precise mean 207 Pb/ selected under the microscope as metamorphic zircons, contained grains with older material in their cores; there- 206 Pb age of 399·6±1·0 Ma (Fig. 9a) , whereas one grain of the detrital population has a 207 Pb/ 206 Pb age of 816·0±1·4 fore the age represents a mixture of core and rim material and is geologically meaningless. Abraded fraction P10 is Ma (Fig. 9b) .
The felsic granulite sample PL 9 only contained elongunlikely to contain metamorphic material and is therefore interpreted to reflect the detrital component, the more ate to oval-shaped detrital zircons. Three grains were evaporated and produced mean 207 Pb/
Pb ages of so as a single detrital grain from sample PL 2 yielded a very similar age of 446·8±1·6 Ma.
499·5±1·4 Ma, 1401·3±1·3 Ma and 2198·3±1·2 Ma, respectively (Table 4 , Fig. 10 ). Sample PL 8a contained both spherical (metamorphic) and oval-shaped (detrital) grains. One spherical grain Lastly, retrogressed felsic granulite sample PL 22 only contained the elongate to oval zircon variety inferred to provided a 207 Pb/ 206 Pb evaporation age of 401·4±1·9 Ma (Fig. 8a) , whereas one detrital grain has an age of be of detrital origin. The three grains evaporated yielded 207 Pb/ 206 Pb ages of 1079·6±1·3, 2013·0±1·8 and 2154·7±1·4 Ma (Fig. 8b) , the oldest age of all detrital grains analysed in this study. Sample PL 8b contained a 2055·0±0·6 Ma, respectively (Fig. 11) .
The mean 207 Pb/
Pb age for seven grain fractions few small (70-80 m) metamorphic grains, and one of these yielded a mean 207 Pb/ 206 Pb evaporation age of from sample PL 8c analysed by vapour digestion is 402·5±1·5 Ma, whereas the weighted mean age for all 403·3±1·7 Ma (Fig. 8c) , indistinguishable from those determined in sample PL 8c.
12 metamorphic grains analysed by evaporation (samples PL 2, 8a, 8b, 8c and 23) is 401·0±1·0 Ma. We adopt a Sample PL 23 has been migmatized and retrogressed, but this has not visibly affected the zircon population, mean age of 401·5±0·9 Ma (19 analyses, 2 mean error)
as reflecting the peak of granulite metamorphism in the which consists of both the elongate to oval and the spherical, multifaceted morphologies already observed in Góry Sowie block. by orthopyroxene may lower the primary Sm/Nd ratio.
Nd and Sr isotopic systematics
147 Sm/
144
Nd in the samples (except for PL 9), ranges The Nd and Sr isotopic data are summarised in Nd ratio of for the LREE. Burton & O'Nions (1992) have demonstrated that breakdown of amphibole and replacement 0·77 that may reflect lowering of the primary Sm/Nd ratio by processes as described by Burton & O'Nions Sowie has the lowest Nd(t) value of -10·9 and an older Nd model age of 1·8 Ga, indicating highly heterogeneous (1992). The Nd(t) values have been calculated for 400 compositions of the protoliths. When compared with the Ma, the inferred time of granulite-facies metamorphism, Sm-Nd isotopic sytematics in the Góry Sowie gneisses to minimize the effects of possible alteration of the Sm/ (Kröner et al., 1994b) it can be seen that the latter have Nd ratio by the metamorphism. Accordingly, Nd model overall higher Nd values at 400 Ma of about 0 to -4 and ages, which are actually mean crustal residence ages thus appear to contain a distinctly higher proportion of (Arndt & Goldstein, 1987) , were calculated by using the younger crust. measured Sm/Nd ratio for the isotopic evolution until
The Rb-Sr isotopic data, when plotted in an isochron 400 Ma ago and then assuming a typical crustal 147 Sm/ diagram (not shown), scatter considerably but form a 144 Nd ratio of 0·11 for calculation of the intersection of the crude positive correlation. The data points for samples sample evolution line and the depleted mantle evolution PL 1-PL 8a-c have an alignment corresponding to an curve (e.g. Liew & Hofmann, 1988) . We note that the age of 410-450 Ma that may reflect resetting of the Nd model ages may provide little age significance with Rb-Sr isotopic system during the inferred high-grade respect to the time the protolith material has resided in event at 400 Ma. Granulite samples PL 1 and PL 2, the crust, as there is no proof that the protolith comcollected at the same locality, have similar major element ponents were actually produced from a depleted mantle growth of orthopyroxene as coronas or otherwise as a and idiomorphic zircons in unusual, Zr-rich, high-pressure, perpotassic, granulites (Vrána, 1989) in the Blanský breakdown product of the high-pressure phases, kyanite replaced by spinel and high, calculated, early pressure-les Massif, South Bohemia (340±1 Ma; Aftalion et al., 1989; Wendt et al., 1994) . Further~340 Ma zircon ages temperature conditions, are known from similar rocks of the Czech, German and Austrian parts of the Bohemian were obtained for high-pressure acid granulites from the Ohře graben in northern Bohemia (340±2 Ma; Kotková Massif (Matějovská, 1967; Rötzler, 1992; Carswell & O'Brien, 1993) . Although comparable rocks have been et al., 1996) , the Erzgebirge in Saxony (340±8 Ma; Kröner & Willner, 1995 ) and the Saxonian Granulite described from elsewhere in the European Variscides (Pin & Vielzeuf, 1983 , Pin & Vielzeuf, 1988 Baumann et al., 1995) . The only hint for an older event is the Nd-Sm garnet-zircon-whole pressure granulites are remarkably scarce world wide [see reviews by Bohlen (1987) and Harley (1989) ], and rock isochron age of 424 Ma for a felsic rock from NE Bavaria (von Quadt & Gebauer, 1993) but this rock it is therefore very tempting to attribute all the highpressure-high-temperature metamorphism to the same cannot be compared with the kyanite+K-feldspar-bearing high-pressure granulites already mentioned. tectonometamorphic event. However, the available geochronological data appear to rule out a common event.
In the case of the Góry Sowie granulites our mean 207 Pb/ 206 Pb age for metamorphic zircons of 401·5±0·9 Both high-and medium-pressure granulite facies metamorphism in the Czech and Austrian sectors is assumed Ma is identical to the garnet-cpx-opx-whole-rock Sm-Nd age of 402±3 Ma from a garnet peridotite body to have occurred at~340 Ma. This is based on a zircon age for a medium-pressure granulite in the Lisov Massif, within the granulites as reported by Brueckner et al. (1996) . The mean U-Pb zircon age derived from vapour South Bohemia (340±3 Ma; Van Breemen et al., 1982) , VOLUME 38 NUMBER 4 APRIL 1997 digestion analyses is particularly reliable as it is based on and metamorphic grains, or (2) the detrital grains contain significant metamorphic overgrowth, or (3) the detrital near-concordant grains. Peak P-T conditions in the Góry Sowie granulites correspond best to those deduced from grains lost a significant amount of Pb during the metamorphic event. In any of these cases, the discordia must grain rim compositions in the peridotite (800°C, 16 kbar, Bakun-Czubarow, 1983) for which an age of 402±3 Ma be interpreted as a mixing line. On the other hand, the concordant monazite age based on duplicate analyses was determined (Brueckner et al., 1996) . The excellent agreement of our zircon ages with the above Sm-Nd (Van Breemen et al., 1988) undoubtedly reflects the time at which the U-Pb isotopic system in monazite became mineral age suggests that metamorphic zircon, at least in the Góry Sowie granulites, also formed at high-pressure closed (~700°C, Parrish, 1990) . As the monazite and lower intercept zircon ages are identical, within error, it granulite facies conditions. Our zircon age is significantly older than the poorly constrained zircon U-Pb lower is likely that the time of~380 Ma reflects cooling after a high-temperature metamorphic event in the paragneisses. concordia intercept age (369±15 Ma) and the concordant monazite age (381±2 Ma) of Van Breemen et Ż elaźniewicz (1985) observed that the Góry Sowie granulites were retrograded at the same time that their al. (1988) obtained on an amphibolite facies paragneiss within which the Góry Sowie granulites occur as a host gneisses experienced prograde amphibolite facies metamorphism, therefore the most likely explanation for tectonic lens. The latter zircon age is difficult to evaluate as it is derived from multigrain analyses of a hetero-the two sets of age data is that the~400 Ma event reflects granulite facies metamorphism whereas the~380 Ma geneous population of poorly aligned (MSWD=19) detrital zircons, and the strongly discordant nature of the event must be attributed to upper amphibolite facies metamorphism in the rocks enclosing the retrograded three populations analysed by Van Breemen et al. (1988) suggests that (1) these fractions are a mixture of detrital granulites. However, some metamorphic zircons were found in garnet and clinopyroxene, the high-pressure unlikely situation of extreme temperatures being reached in different areas of a thickened crustal stack over a granulite phases, thus indicating that~402 Ma represents the high-pressure event. It follows that, at~402 Ma (and period of~60 Ma. If zircon formation was not at the high-pressure stage but later, perhaps as a product of also during the subsequent medium-pressure granulite facies overprint), the granulites were not in contact with garnet breakdown at medium-pressure conditions, in all the other named granulite occurrences then the difference the gneisses in which they now occur. The later amphibolite facies and even the medium-pressure granulite in timing could be explained. However, petrographic evidence to support this possibility, such as the presence of facies events have had no effect on the U-Pb isotopic systematics of the granulite zircons.
zircon in garnet resorption domains, is not forthcoming. Alternatively, the Góry Sowie could represent a terrane, The Góry Sowie block is a fault-bounded terrane, which makes it difficult and speculative to link its meta-or part thereof, which evolved separately from the rest of the Bohemian Massif, at least until~380 Ma ago, a morphic evolution to that of the other high-pressure granulites occurring in the Bohemian Massif. The sig-scenario requiring the development of the anomalous high-temperature conditions in different locations at nificant difference in age for metamorphic zircons from the granulites of the Góry Sowie and the rest of the different times. Other tectonic units elsewhere in the Bohemian Massif with a 380 Ma age for their last major Bohemian Massif may mean that crustal thickening and high-pressure granulite metamorphism occurred dia-metamorphism-an amphibolite facies overprint of earlier eclogite facies phases-do exist, namely the chronously during the same, large-scale, tectonic event that led to amalgamation of crustal terranes in the Münchberg Massif, Zone of Erbendorf-Vohenstrauß and Mariánské Lázně Complex (O'Brien & Carswell, 1993) . Variscan belt of east-central Europe. If there was only one thickening event then this would require the rather These rocks, with Palaeozoic protoliths in some cases,
